High-resolution observations of high-redshift (z > 4) radio quasars offer a unique insight into jet kinematics at early cosmological epochs, as well as constraints on cosmological model parameters. Due to the general weakness of extremely distant objects and the apparently slow structural changes caused by cosmological time dilation, only a couple of high-redshift quasars have been studied with parsec-scale resolutions, and with limited number of observing epochs. Here we report on very long baseline interferometry (VLBI) observations of a high-redshift blazar J1430+4204 (z = 4.72) in the 8 GHz frequency band at five different epochs spanning 22 years. The source shows a compact core-jet structure with two jet components being identified within 3 milli-arcsecond (mas) scale. The long time span and multiple-epoch data allow for the kinematic studies of the jet components. That results in a jet proper motion of µ(J1) = 0.017±0.002 mas yr −1 and µ(J2)=0.156±0.015 mas yr −1 , respectively. For the fastestmoving outer jet component J2, the corresponding apparent transverse speed is 19.5 ± 1.9 c. The inferred bulk jet Lorentz factor Γ = 14.6 ± 3.8 and viewing angle θ = 2.2 • ± 1.6 • indicate highly relativistic beaming. The Lorentz factor and apparent proper motion are the highest measured to date among the z > 4 jetted radio sources, while the jet kinematics is still consistent with the cosmological interpretation of quasar redshifts.
Introduction
Active galactic nuclei (AGNs) are among the most powerful and energetic objects in the Universe. It is believed that every AGN harbours a supermassive black hole (SMBH) in its central region. Because of their enormous energy production and persistent high luminosity, AGNs are excellent laboratories for studying black hole accretion and galaxy evolution across cosmic times. High-redshift quasars (HRQs) that represent powerful AGNs in the early Universe constitute a unique sample for evolutionary studies of AGNs as well as of the cosmic environment [1, 2] . The most distant AGN known to date is the quasar J1342+0928 at z = 7.54, corresponding to only 5% of the current age of the Universe [3] . The number of quasars known at z > 5.6 already exceeds 100 (e.g. [4, 5] ). The discovery of extremely HRQs provided strong constraints on the formation history of the first generation of SMBHs [3, 6] .
Among the HRQs, the radio-loud subsample is worth for exploring their relativistic jets and radio morphologies. Jets from radio-loud HRQs are useful probes of the intergalactic and interstellar environment in the very early stages (e.g. the epoch of reionization). Imaging of HRQ jets requires milli-arcsecond (mas) resolution or even higher. This can be achieved by using very long baseline interferometry (VLBI), which is the highest-resolution imaging technique. The fact that only ∼ 10% of the optically detected quasars are radio-loud, and that radio-loud quasars become too weak to be detected by radio telescopes at very large cosmological distances make high-redshift radio-loud quasars much more rare. The number of radio-detected AGNs with available spectroscopic redshift at z > 4 is only about 170 [7] , and the most distant radio-loud quasar to date is J1429+5447 at z = 6.21 [8, 9] .
J1430+4204 was discovered as a radio-loud quasar at z = 4.72 [10] . Further X-ray and radio observations confirmed its blazar nature with broad-band variability and flat radio spectrum [11] [12] [13] . A distant (∼ 3.6 ′′ ) jet component was detected in the northwestern direction of the nucleus from Chandra X-ray and Very Large Array (VLA) radio observations, making J1430+4204 the most distant quasar being detected with kiloparsec (kpc) scale radio/X-ray jet known so far [14, 15] . The mas-scale radio structure of J1430+4204 has been studied with VLBI since 1996 [16] . With further more sensitive and higherresolution VLBI observations, a compact core-jet structure was revealed, with a weak mas-scale jet ejecting towards the westsouthwest seen at 2.3, 8.4 and 5 GHz frequencies (e.g. [15, 17, 18] ). Veres et al. [19] conducted a two-epoch 15-GHz VLBI study of J1430+4204 before and after a major radio flare from 2005 to 2006. They did not find any evidence of newly ejected jet components. The jet emission in their 15-GHz VLBI images appears diffuse, hampering a direct measurement of jet proper motion.
In this paper, we present a multi-epoch VLBI analysis of J1430+4204. Thanks to the long time span and multiple epochs, we are able to study the jet kinematics of J1430+4204. The five-epoch data were obtained in the 8-GHz frequency band, where the jet components are bright and compact enough for model-fitting. In Sect. 2, we provide the basic information about our VLBI data and describe their analysis. Section 3 presents the high-resolution images, the results of brightness distribution modeling, and the calculation of jet parameters. In Sect. 4, We discuss the properties of J1430+4204 and put them into context with other extremely distant quasars studied with VLBI.
Throughout this paper, a flat ΛCDM cosmological model was adopted, with the parameters of H 0 = 70 km s −1 Mpc −1 , Ω m = 0.27, and Ω Λ = 0.73. At the redshift of J1430+4204, 1 mas angular size corresponds to 6.68 pc projected linear size and 1 mas yr −1 proper motion to 124.7c apparent transverse speed (c denotes the speed of light) [20] .
Methods
Data used for the jet kinematic study were obtained from VLBI observations in a total of five epochs from 1996 June 8 to 2018 May 1 (more details are referred to Appendix A). All these observations were made in geodetic/astrometric mode, in which a target source is observed during a few scans, usually for 5 min in each scan. The details of the observation logs are presented in Table B1 . Except for the fourth epoch observed only at 8.4 GHz, the other observations were carried out at dual 2/8 GHz frequency bands. The image noise depends on a combination of factors such as on-source integration time, number of telescopes and their diameters, data rate, (u,v) coverage, quality of calibration, etc. The final root-mean-square (rms) noise in the naturally-weighted clean images ranges from 0.25 to 1.27 mJy beam −1 . The visibility data were calibrated using the US National Radio Astronomy Observatory (NRAO) Astronomical Image Processing System (AIPS) software package [21] . The calibrated VLBI data were imported into the difmap software package [22] to carry out self-calibration, imaging and model fitting (Appendix B).
Results

Parsec-scale radio jet
Because of the limited sensitivity of geodetic-style 'snapshot' VLBI experiments with short on-source integration times and poor (u,v) coverage (see Table B1 ), not all epochs are sufficient to produce a reasonably detailed image of the core-jet structure. At 2.3 GHz band, we show only the best-quality image made from the epoch 2001 data (Fig. 1 ) to indicate that the jet emission continues expanding out to an extent ∼ 20 mas (or a projected distance of ∼130 pc) from the core (the brightest component at the image center) in the southwest direction. Our 2.3-GHz VLBI image ( Fig. 1 ) is qualitatively consistent with that obtained in 1998 [15] . Both images reveal a compact core-jet structure within 10 mas and weaker knotty components beyond 10 mas. Figure 2 shows the 8-GHz images at five available epochs. The 8-GHz imaging observations resolve out the diffuse emission structure at >10-mas scale and show jet components only within about 3 mas from the core (Fig. 2) . The core showed a significant flux density variability from 182. The jet components are located to the west and southwest of the core, roughly in alignment with the 2.3-GHz jet structure (Fig.  1 ). The VLA image at 1.4 GHz made by Cheung et al. [15] implies an extended jet/lobe at 3.6 ′′ in the northwest. A large difference of position angles (∼ 50 • ) between the mas-and arcsec-scale jet indicates a possible large jet bending. Alternatively, the northwest lobe could be a relic from the past cycle of radio activity. To identify the connection between the VLBI and VLA jets, intermediate-resolution (∼ 100 mas) radio interferometric imaging would be required. . The lowest contours are at ±3σ image noise level, the positive contour levels increase by a factor of 2. The peak brightness is 114.9 mJy beam −1 . More image parameters can be found in Table B1 . 
Jet proper motion
The typical one-sided apparent jet morphology of blazars provide a unique opportunity for their kinematic study, where the jet component proper motions, the viewing angles and the Lorentz factor of the relativistic jet can be constrained using highresolution VLBI observations. Due to the cosmological time dilation effect, structural changes in the jet are seen (1 + z) times slower in the observer's frame than in the rest frame of the high redshift quasars [23] . Thus with an assumption of a continuous jet flow, we are able to link the jet components with each other at five different epochs over an observed period spanning ∼ 22 yr that actually corresponds to just about 4 yr in the rest frame of J1430+4204 at z = 4.72. The 2.3 GHz observing frequency does not provide enough angular resolution to distinguish between the innermost jet components. Moreover, the outermost component seen at 2.3 GHz is too faint and diffuse, preventing us from making reliable proper motion estimates. Therefore the jet kinematic analysis is based on the 8-GHz observations. With model-fitting to our VLBI data, we were able to identify two jet components, named J1 and J2, across the different epochs. Component J1 is located well within 1 mas from the core and was detected at all 5 epochs. Component J2 shows an apparent separation of ∼ 2 − 3 mas from the core and was detected in the middle 3 epochs. The first and fifth epochs have relatively lower imaging sensitivity (see column 9 in Table B1 ) due to the smaller number of telescopes (in epoch 5) and short integration time (in epoch 1). These lead to a non-detection of the weaker jet component J2. The parameters of individual components derived from model-fitting are listed in Table B2 . The locations and sizes of the fitted model components are also indicated in Fig. 2 .
From the parameters in Table B2 , we found that both jet components are moving outwards from the core. The trajectory of J2 appears slightly curving towards the north (i.e. counter-clockwise direction in Small changes in the direction of a relativistic jet flow beaming toward the observer could be amplified by projection effect. For example, apparent jet curvature could be attributed to a low-pitch helical trajectory projected on the sky [24, 25] , which is commonly seen in many blazars [26] [27] [28] . The northward rotation of the jet in our VLBI images might be related to the larger, kpc-scale radio structure of J1430+4204, where a distant jet component at 3.6 ′′ from the core is seen in the VLA image [15] . An alternative possibility of a jet deflection off the dense interstellar medium cannot be ruled out [29] [30] [31] . Further polarisation-sensitive VLBI observations and long-term flux density monitoring to reveal periodicity could address the problem of the helical jet.
To describe the apparent motions of J1 and J2 relative to the core, we estimated their linear proper motions along the 2.3-jet direction and perpendicular directions, respectively, using least-squares fitting. The component position angles from the bestresolved 2.3-GHz image (Fig. 1 ) characterize a relativistic jet moving to southwest, where the mean position angle is −124.8 • . This value is adopted to define the pc-scale jet direction here. Figure 3 shows the fitted jet proper motions with respect to the core along and perpendicular to this direction. The values are µ || = 0.100 ± 0.017 mas yr −1 and µ ⊥ =0.120 ± 0.014 mas yr −1 for J2, µ || = 0.009 ± 0.002 mas yr −1 and µ ⊥ =0.015 ± 0.002 mas yr −1 for J1, respectively. Veres et al. [19] studied this source based on two-epoch 15-GHz VLBA observations. They estimated the jet parameters but did not detect a moving component due to their short observation period. Another reason is that the jet emission at 15 GHz (corresponding to 86 GHz in the source rest frame) is optically thin and becomes intrinsically weak.
Veres et al. [19] estimated the Doppler factor using three independent approaches: from radio flux density variability, from radio and X-ray data and the inverse Compton process, and from the core brightness temperature measured with VLBI at 15 GHz. A moderate bulk Lorentz factor of 4.6-6.8 was derived from their VLBI study. We also applied the core brightness temperature to estimate the jet beaming parameters, while obtained a higher Lorentz factor Γ = 14.6 ± 3.8 and a viewing angle of 2.2 • ± 1.6 • (Appendix C). Our calculated jet parameters are in agreement with the blazar nature of J1430+4204 whose relativistic jet is inclined within a very small angle to the line of sight. The 15 GHz (correponding to a source-rest-frame frequency of about 86 GHz) data of Veres et al. [19] probe an inner jet section, while our 8 GHz data trace a relatively outer region. The difference in Lorentz factors derived from Veres et al. and ours may imply an increase of the jet flow Lorentz factor from a distance ∼100 pc (deprojected distance of J1) to ∼500 pc (deprojected distance of J2).
Discussion and conclusion
According to the unified scheme of radio-loud (jetted) AGNs, the appearance and luminosity of the objects depend on their jet orientation with respect to the viewing direction [32] . Blazars, whose relativistic jets point nearly towards us, are intriguing sources to probe the early Universe. Their jet emission is strongly enhanced due to the Doppler beaming effect which makes Table B3 . them more easily detectable compared to the coetaneous quasars with unbeamed jets, especially at high redshifts (e.g. [33] ). Moreover, the powerful aligned jets are not affected by the obscuring torus that surrounds the central black hole and have more chances to break through the surrounding material [34] , making the high-z sources prominent in multi-band studies [35, 36] . Apparent proper motion estimates of AGN jets provide a unique way of understanding their relativistic motions. This requires multi-epoch VLBI observations at a given frequency. The cosmological time dilation effect makes it more difficult to see apparent changes in high-redshift radio jets than in low-redshift ones: any change is observed (1 + z) times slower compared to the rest frame of the quasar. Therefore determination of jet proper motion in HRQs has to possess long enough gaps from epoch to epoch. Among the known radio quasars at z > 4.5, J1430+4204 belongs to the most luminous ones [38] , owing to its Doppler-boosted jet emission. Until now, direct estimates of AGN jet proper motion at z > 4 are rare, available only for 3 objects: J0906+6930 (z = 5.47) at 15 GHz (An et al. 2019, in prep.) , J1026+2542 (z = 5.26) at 5 GHz [23] , and J2134−0419 (z = 4.33) at 5 GHz [37] . Their derived jet parameters are collected in Table 1 , along with our new results obtained for J1430+4204. Compared with previous proper motion estimates for other HRQs, our results are derived from more epochs over a longer time range, making the structural changes more evident and the estimates more reliable. Our estimated vector proper motion of ∼ 0.156 mas yr −1 (∼ 19.5 c) for the component J2 stands as the highest among all the measured values for other z > 4 quasars. In addition, a γ-ray flare was also reported to originate from this source [39] , indicating that J1430+4204 is an exceptionally powerful blazar in the early Universe and deserves comprehensive multi-band studies.
HRQ jets open a window to explore the earliest activity of the accreting SMBHs [15] . In addition, the jet parameters (e.g., bulk Lorentz factor, viewing angle) yield useful constraints on the X-ray jet emission mechanism of high-redshift quasars [40] . The resulting µ and Γ of J1430+4204 are at the higher end compared to the known high-z jets, but sit in the middle of the large low-redshift blazar samples [41] [42] [43] . The reason why (the most powerful) high-redshift quasar jets do not have extremely high [0] [1] [2] [3] [4] [5] [6] Lorentz factors (as some of the low-redshift blazars) is still an open question and needs more investigations on larger samples.
As the kinematic analysis of VLBI jets in the large sample of the 15-GHz MOJAVE (Monitoring of Jets in Active Galactic Nuclei with VLBA Experiments) survey indicates, accelerations as well as non-ballistic component motions are common in powerful AGN jets [44, 45] . An increase in the Lorentz factor dominates the parallel accelerations which usually take place from the origin until a distance of 10 2 pc away from the core [44] , as may also account for the observed increasing jet speed from J1 to J2 in J1430+4204. Considering that the jet knot may trace a curved path (see Sect. 3.1), an alternative possibility of the apparent jet acceleration might be due to the jet bending; for a highly beamed jet pointing toward us, any small change in the jet inclination angle may cause a large change of the apparent jet speed, even the intrinsic jet bulk speed remains constant.
Our current study helps accumulating kinematic data on high-redshift radio jets. Eventually, with a sufficiently large sample, the possible evolution of jetted radio sources on cosmological time scales, as well as cosmological model parameters could be constrained with such data [41, 51] . The number of blazars at high redshifts can also help constrain the space density of radio-loud high-z AGNs. That yields the information on the space distribution of radio sources and cosmological evolution of the number density. If one assumes that AGN jets point in any direction with equal probability, and define blazars with a viewing angle θ < 1/Γ, where Γ is the bulk Lorentz factor of the emitting jet plasma, the total number of radio-loud AGNs could be obtained as N total = N blazars × 2Γ 2 [46, 47] . Taking the highest Lorentz factor of J1430+4204 into account, that implies a total number of ∼ 450 radio-loud AGNs at the redshift of 4.72. This number is much higher than that currently detected. High-sensitivity all-sky surveys using the next generation radio telescopes, such as the Square Kilometre Array (SKA) and the next-generation VLA (ngVLA), may boost the detection of radio-emitting HRQs [48, 49] , allowing for more sophisticated study of the cosmological evolution of radio sources. The amplitudes were calibrated using the system temperatures measured during the observation and known antenna gain curves from each station. The manual phase calibration and global fringe-fitting were done using the AIPS task FRING, with the aim of correcting instrumental delays as well as the errors on delays, delay rates and phases. We picked the bright radio source OJ 287 also observed in the same aov22 experiment, to conduct the manual phase calibration. The fringe-fitted data of OJ 287 were exported to the Caltech Difmap software [22] for imaging. After a few iterations of hybrid mapping cycles (e.g. [63, 64] ), the gain correction factors for each antenna could be determined through the gscale command. The antenna-based gain correction factors derived from the bright calibrator OJ 287 were then applied to the data in AIPS, which refined the amplitude scales that were mainly based on the system temperatures measured at individual antenna sites.
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Since the target source J1430+4204 is bright enough, we performed direct fringe-fitting in AIPS. Quite a few antennas in our AOV session were small in diameter and therefore less sensitive than the antennas used at previous epochs. This resulted in weak fringes for the target source and caused larger rms image noise, as indicated in Table B1 . Finally, the calibrated visibility data of J1430+4204 were averaged in frequency within each IF and in time over 2 s, and loaded into Difmap for imaging and model-fitting.
The already calibrated archival VLBI visibility data downloaded from the Astrogeo database for the first four epochs (Table B1) were also analysed in Difmap. Hybrid mapping procedures were performed, including iterations of cleaning and phase-only self-calibration. Antenna gain correlation, and self-calibration of phases and amplitudes were then applied to the data. The final images (Fig. 1) were produced by applying natural weighting to the visibility data. Based on the self-calibrated visibilities, we used a circular Gaussian brightness distribution model to fit the brightest component in each map. This was considered the 'core' of the source, i.e. the optically thick section of the jet at the given frequency. Further along the jet, other features were seen at most of the epochs, located on the western side of the core (Figs. 1-2) .
To track the motion of the jet components, we used several circular Gaussian brightness distribution model components to fit the visibility data in Difmap. Wherever the diameter of the fitted circular Gaussian became smaller than the minimum resolvable size [65] with the VLBI array, it was replaced by a point model. During the model-fitting process across all available epochs, we followed the strategy of simplicity and consistency from epoch to epoch. The uncertainties of the fitted component positions are estimated in a conservative way, σ pos = D beam 2S NR , where D beam is the size of the restoring beam (full width at half-maximum, . Additional 5% calibration uncertainties were considered for both the image peak intensities and the fitted total flux densities. The parameters obtained from model fitting for J1430+4204 at 8.3/8.6 GHz are listed in Table B2 .
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Appendix C Relativistic beaming parameters
To evaluate the beaming effect form the innermost region of a relativistic jet, the most common method involving VLBI data is to estimate the core brightness temperature (T b ). High values of T b indicate Doppler-boosted radio emission in the relativistic jet. Without relativistic beaming, the upper limit of the T b in AGN cores is ≈ 10 12 K caused by inverse Compton scattering [67] . A lower intrinsic value of the brightness temperature, T b,int ≈ 5 × 10 10 K, was derived under the assumption that there is equipartition between the energy densities of the particles and the magnetic field [68] . Observed brightness temperatures that exceed the equipartition value are usually attributed to the Doppler-boosting effect. The Doppler factor can then be calculated
